The type 1 cannabinoid receptor (CB1) modulates numerous neurobehavioral processes and is therefore explored as a target for the treatment of several mental and neurological diseases. However, previous studies have investigated CB1 by targeting it globally, regardless of its two main neuronal localizations on glutamatergic and GABAergic neurons. In the context of cocaine addiction this lack of selectivity is critical since glutamatergic and GABAergic neuronal transmission is involved in different aspects of the disease. To determine whether CB1 exerts different control on cocaine seeking according to its two main neuronal localizations, we used mutant mice with deleted CB1 in cortical glutamatergic neurons (Glu-CB1) or in forebrain GABAergic neurons (GABA-CB1). In Glu-CB1, gene deletion concerns the dorsal telencephalon, including neocortex, paleocortex, archicortex, hippocampal formation and the cortical portions of the amygdala. In GABA-CB1, it concerns several cortical and non-cortical areas including the dorsal striatum, nucleus accumbens, thalamic, and hypothalamic nuclei. We tested complementary components of cocaine self-administration, separating the influence of primary and conditioned effects. Mechanisms underlying each phenotype were explored using in vivo microdialysis and ex vivo electrophysiology. We show that CB1 expression in forebrain GABAergic neurons controls mouse sensitivity to cocaine, while CB1 expression in cortical glutamatergic neurons controls associative learning processes. In accordance, in the nucleus accumbens, GABA-CB1 receptors control cocaine-induced dopamine release and Glu-CB1 receptors control AMPAR/NMDAR ratio; a marker of synaptic plasticity. Our findings demonstrate a critical distinction of the altered balance of Glu-CB1 and GABA-CB1 activity that could participate in the vulnerability to cocaine abuse and addiction. Moreover, these novel insights advance our understanding of CB1 neuropathophysiology.
INTRODUCTION
As a reward-related behavior, cocaine taking involves interacting psychological components, including reinforcement, reward, motivation, response inhibition, and response to drug discriminative or conditioned cues (Berridge et al, 2009) . Although the picture is still fragmented, these psychological components appear to rely on interconnected prefrontal-subcortical neuronal circuits that process motivational and discriminative value of the drug and drug-related stimuli (Goldstein and Volkow, 2011) vs cognitive inhibitory control (Kober et al, 2010; Mihindou et al, 2013; Volkow et al, 2010) . In these circuits, notably within the nucleus accumbens (Kalivas, 2009; Wolf and Ferrario, 2010 ) (NAc), glutamate (Glu) and GABA have major roles in controlling cocaine self-administration by modulating mesolimbic dopamine (DA), the primary neurochemical substrate for cocaine's reinforcing/rewarding properties. Converging data point to a specific role of cortical Glu projections in controlling drug seeking through learning processes (Bowers et al, 2010; Briand et al, 2014; Pierce and Wolf, 2013; Schmidt and Pierce, 2010; Suto et al, 2013; Xi et al, 2006) . Alternatively, subcortical forebrain GABA transmission is thought to be indirectly involved in the reinforcing properties of cocaine and cocaine-related stimuli (Roberts, 2005; Vlachou and Markou, 2010) by modulating the perception of drug-related rewards (Tachibana and Hikosaka, 2012) .
The endocannabinoid system, mainly through type 1 cannabinoid receptors (CB1) located on glutamatergic (glutamatergic CB1) and GABAergic neurons (GABAergic CB1), control both excitatory and inhibitory neurotransmission, thereby modulating dopaminergic-dependent behaviors (Melis and Pistis, 2012; Dubreucq et al, 2013) , including cocaine seeking (De Vries and Schoffelmeer, 2005) . Full pharmacological antagonism of CB1 decreases the influence of conditioned factors on cocaine seeking and on extracellular Glu and DA in the NAc (Caillé and Parsons, 2006; Cheer et al, 2007; Oleson and Cheer, 2012; De Vries et al, 2001; Xi et al, 2006) , as well as expression of cocaine-induced behavioral sensitization in a context-specific manner (Gerdeman et al, 2008) . Differently, full pharmacological blockade or complete genetic deletion of CB1 does not affect, or only marginally affect (Chaperon et al, 1998; Soria et al, 2005) , the primary reinforcing (Cossu et al, 2001; De Vries et al, 2001; Caillé and Parsons, 2006) and rewarding properties of cocaine (Houchi et al, 2005; Martin et al, 2000) , as well as the underlying DA and GABA mechanisms (Caillé and Parsons, 2006; Soria et al, 2005; De Vries and Schoffelmeer, 2005) . Together these data suggest that the primary role of the endocannabinoid system in cocaine selfadministration is to control conditioning-related processes that largely depend on glutamatergic transmission (De Vries and Schoffelmeer, 2005; Wiskerke et al, 2008) .
However, full genetic deletion or pharmacological blockade of CB1 might produce a biased effect and obscure the combined functions of the glutamatergic and GABAergic CB1 pools. When targeted genetic deletion of CB1 is applied in feeding-, novelty-, and fear-related behaviors (Bellocchio et al, 2010; Dubreucq et al, 2012; Metna-Laurent et al, 2012) , deletion localized to cortical glutamatergic neurons (Glu-CB1-KO mice) produces similar effects to full CB1 blockade, apparently confirming that CB1 exclusively controls glutamatergic-dependent processes (Bellocchio et al, 2010; Dubreucq et al, 2012; Metna-Laurent et al, 2012) . However, deletion of CB1 in forebrain GABAergic neurons (GABA-CB1-KO mice) is not without effect. Interestingly, it can produce opposing or qualitatively different results as compared with deletion in cortical glutamatergic neurons (Bellocchio et al, 2010; Dubreucq et al, 2012; Metna-Laurent et al, 2012) .
Considering the specific contribution of excitatory or inhibitory neurotransmission in distinct components of cocaine self-administration, we explored the specific roles of CB1 located in glutamatergic and GABAergic neurons. We used the two mutant mouse lines targeting CB1 deletion in cortical glutamatergic (Glu-CB1-KO) and forebrain GABAergic (GABA-CB1-KO) neurons (Marsicano et al, 2003) to test complementary components of cocaine self-administration, involving primary and secondary reinforcing properties of cocaine. In the Glu-CB1-KO mice, the CB1 gene is primarily absent in cortical glutamatergic neurons in the dorsal telencephalon, including neurons located in neocortex, paleocortex, archicortex, hippocampal formation and the cortical portions of the amygdala. In the GABA-CB1-KO mice, the CB1 gene is primarily absent in forebrain GABAergic neurons, that is, in several cortical and non-cortical regions, eg the striatum, NAc and some thalamic and hypothalamic nuclei (Marsicano and Lutz, 1999; Monory et al, 2006; Marsicano and Kuner, 2008; Bellocchio et al, 2010) .
Considering the role of meso-accumbal DA in mediating cocaine primary reinforcing effects (Di Chiara et al, 2004) , freely moving naïve rodents were tested for cocaine-induced extracellular DA in the NAc using in vivo microdialysis. Last, because cocaine produces sustained alterations in glutamatergic-dependent synaptic plasticity in the NAc (Guercio et al, 2015; Kalivas and Volkow, 2011; Ortinski et al, 2012; Pascoli et al, 2014; Ma et al, 2014) that are critical for associative learning (Pierce and Wolf, 2013; Schmidt and Pierce, 2010) , we quantified AMPAR/NMDAR ratio as a maker of synaptic plasticity in the NAc of cocaineexperienced mice, using ex vivo electrophysiology.
MATERIALS AND METHODS

Animals
CB1-KO mice were generated by crossing mice bearing the floxed CB1 gene with transgenic mice expressing Cre recombinase (Marsicano et al, 2002) . To dissect the roles of CB1 receptors on cortical excitatory or forebrain inhibitory neurochemical transmission, we used conditional mutant mice (Bellocchio et al, 2010; Marsicano et al, 2002; Monory et al, 2007) . Experimental animals were acquired from 'floxed' (CB1loxP/loxP) mothers mated with 'floxed' fathers that also specifically expressed Cre recombinase in either cortical glutamatergic neurons (Nex-cre) or forebrain GABAergic cells (Dlx5/6-cre). The progeny of these couples were, therefore, either 'floxed' with or without the Cre recombinase expression. Mice not expressing Cre recombinase are here defined as Glu-CB1-WT and GABA-CB1-WT controls, whereas their mutant littermates are called Glu-CB1-KO (CB1loxP/loxP; Nex-cre mice) and GABA-CB1-KO (CB1loxP/loxP; Dlx5/6-cre mice), respectively (Bellocchio et al, 2010; Monory et al, 2006 Monory et al, , 2007 Soria-Gómez et al, 2014) .
All mice were genotyped before experiments and re-genotyped afterwards, and all WT mice were confirmed to lack Cre expression.
Animal procedures were conducted in strict accordance with the guidelines of the European Communities Directive 86/609/EEC regulating animal research.
CB1 Immunohistochemistry
Immunohistochemical detection of CB1 receptors in the brain of WT, Glu-CB1-KO, GABA-CB1-KO, and full CB1-KO, was performed as previously described by Reguero et al (2011) .
Briefly, coronal brain vibrosections (50 μm) were collected. Immunohistochemistry for the detection of CB1 was performed on these brain slices by means of a pre-embedding immunoperoxidase method, and later visualized using light microscopy.
Brain deletion of the CB1 gene in Glu-CB1-KO and GABA-CB1-KO has been demonstrated previously (Monory et al, 2006 (Monory et al, , 2007 Soria-Gómez et al, 2014; Bellocchio et al, 2010) . Here we focused on brain structures relevant to the present study (Figure 1 ).
Cocaine Intravenous Self-Administration
Basal training. A 2 h cocaine self-administration session was conducted daily 7 days per week. Self-administration was established using a FR1-FR2, 20 s time out schedule of reinforcement. During the initial three sessions, one nose poke into the active manipulandum (active hole) resulted in one infusion of cocaine, ie an FR1 schedule. It was followed by an FR2 for the rest of the experiment. Completion of the FR illuminated the white cue light, located above the active hole, and then 1 s later, the infusion pump was switched for 2 s. The white cue light remained on for a total of 4 s. Nose Figure 1 CB1 protein brain expression in WT, Glu-CB1-KO, GABA-CB1-KO and CB1-KO mice. Cortex (in a-d), striatum (striped oval in a-d), nucleus accumbens (striped oval in a-d), hippocampus (striped oval in e-h), ventral tegmental area (striped triangle in i-l), substantia nigra pars reticulata (in i-l), ventromedial nucleus of the hypothalamus (striped oval in m-p), raphe nuclei (striped rectangle in q-t) and locus coeruleus (striped semi-circle in q-t). Only unspecific diaminobenzidine background is detected in CB1-KO tissue. Relative to WT mice, the Glu-CB1-KO showed a mild decrease in CB1 immunoreactivity while the GABA-CB1-KO showed a more pronounced decrease. CB1 labeling in dorsomedial and ventral striatum is reduced in Glu-CB1-KO (b), whereas substantia nigra pars reticulata lacks CB1 staining in GABA-CB1-KO (k). Note the typical strong CB1 pattern in the inner 1/3 of the dentate molecular layer of GABA-CB1-KO (g). Ctx, Cortex; Hip, Hippocampus; Lc, locus coeruleus; NAc, nucleus accumbens; Rph, raphe nuclei; Snr, substantia nigra pars reticulata; Str, Striatum; Vmh, ventromedial nucleus of hypothalamus; Vta, ventral tegmental area. Scale bars: 500 μm.
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Glu-CB1 and GABA-CB1 in cocaine self-administration E Martín-García et al pokes in the inactive manipulandum (inactive hole) had no scheduled consequences. Criteria for acquisition of cocaine self-administration were defined as a stable number of self-infusions and significant discrimination between active and inactive holes, over at least three consecutive self-administration sessions (±20%).
Determination of the training dose. In a preliminary experiment, both lines of mice were trained at the same dose of cocaine of 0.5 mg/kg/infusion. At this dose, 64% of Glu-CB1-KO and 78% of Glu-CB1-WT mice acquired selfadministration. Similarly, 70% of the GABA-CB1-WT mice expressed self-administration, but only 37% of the GABA-CB1-KO mice reached criteria, with several showing clear signs of avoidance, suggesting increased sensitivity to cocaine in GABA-CB1-KO mice. Based on this observation, one independent group of GABA-CB1 mice was tested at the dose of 0.25 mg/kg/infusion, for which 60% of GABA-CB1-KO and 70% of GABA-CB1-WT mice expressed selfadministration. Based on these preliminary experiments, the doses of 0.25 mg/kg/infusion and 0.5 mg/kg/infusion were selected for training in GABA-CB1 and Glu-CB1 mice, respectively. Differential drug history can greatly influence levels of responding for cocaine and compromise comparison of Glu-CB1 to GABA-CB1 mice, but our goal was to study the effect of CB1 deletion within specific subpopulations of neurons, which mandatorily required comparing the mutant lines to their respective WT.
Progressive-ratio reinforcement schedule. During this schedule, the number of responses per infusion was increased after each infusion (1, 3, 5, 7, 9, 15, 20, 25, 33, 43, 55, 70, 80, 90, 100, 110, 121, 132, 144, 158, 175, 195, 219, 247, 279, 315, 355, 399, 447) . The session ended after either 3 h or following 1 h since the last earned infusion.
Cue-induced cocaine seeking. This was performed over one session during which cocaine was not available. Following a 60 min period during which nose pokes were not reinforced (active and inactive nose pokes producing no scheduled consequences), the white cue light, associated with cocaine infusions during cocaine self-administration sessions, was illuminated contingently for 30 min (according to an FR2, comparable to the one used for cocaine selfadministration). To signal the change in the schedule, the cue light was presented twice non-contingently and during 4 s.
Cue omission. This session was similar to a basal training session, except that the cue light associated with cocaine delivery was omitted.
Shock-induced suppression of cocaine taking. During this 45 min session, mice were placed in the self-administration chamber with the opaque PVC floor replaced by a metal grid that served to deliver electric foot shocks and constituted a discriminative stimulus. The schedule was the following: after one response in the active hole, mice received an electric shock (0.1 mA, 2 s), and after the second response, mice received the combined stimuli of an electric shock, a cocaine infusion, and the cocaine cue light. The schedule reinitiated at the end of the 20 s time out period following the infusion. If within 1 min mice did not complete the response requirement leading to shock plus infusion, the sequence was reinitiated.
Shock-induced conditioned suppression of cocaine seeking. During this 45 min session, mice were placed in the selfadministration chamber containing the grid floor for delivering shock. During this session, nose pokes were without scheduled consequences, neither cocaine infusion, cue nor shock.
Reversal learning. This session was similar to the basal training sessions except that the active and the inactive holes were reversed.
T-Maze
In this test, mice were required to enter the reinforced arm of a maze to obtain food and to reverse this behavior once established. To this end, mice underwent habituation, acclimation, forced-choice, free choice, and reversal freechoice training. Latency to reach the goal arm and accuracy level were recorded.
In vivo Microdialysis in the NAc for Extracellular DA in Freely Moving Mice
Surgery and perfusion procedure were performed according to a previously described protocol (Panin et al, 2012) , with minor modifications. Briefly, animals were anesthetized with a mixture of ketamine (80 mg/kg, i.p., Imalgène, Merial, France) and xylazine (16 mg/kg, i.p., Rompun, Bayer, France). Afterwards, animals were placed in a stereotaxic frame (David Kopf Instruments, Phymep, Paris, France), and their rectal temperature was monitored and maintained at 37 ± 1°C by a heating pad (CMA 150, Carnégie Medecin, Phymep). After exposing the dorsal skull, one hole was drilled for implanting a microdialysis probe (CMA/7, Cuprophan, 240 μm outer diameter, 1 mm length, Carnegie Medicin, Phymep) into the medio-ventral part of the right NAc. The stereotaxic coordinates (Franklin and Paxinos, 2012) (in mm relative to bregma) were as follows: anteroposterior = +1.4, lateral = 0.6, and ventral = − 5. The probe was secured with dental cement. Experiments were performed in freely moving mice, 24 h after surgery. In each experimental group, animals received either cocaine or its vehicle according to a randomized design. The probe was perfused at a constant rate ( , adjusted to pH 7.4 with 2 mM sodium phosphate buffer.
Ex vivo Electrophysiology in the NAc
Slice preparation. Mice were deeply anesthetized with isoflurane and transcardially perfused with a sucrose-based physiological solution at 4°C (in mM: 87 NaCl, 75 sucrose, 25 glucose, 5 KCl, 21 MgCl 2 , 0.5 CaCl 2 , and 1.25 NaH 2 PO 4 ). Brains were removed and sliced (300 μm) in the coronal plane. Slices were then stored for 40 min at 32°C in an artificial cerebrospinal fluid (ACSF; in mM): 130 NaCl, 11 glucose, 2.5 KCl, 2.4 MgCl 2 , 1.2 CaCl 2 , 23 NaHCO 3 , 1.2 NaH 2 PO 4 , and were equilibrated with 95% O 2 /5% CO 2 . Afterwards, slices were stored in ACSF at room temperature until recording. Slices were then placed in the recording chamber and superfused (1.5-2 ml/min) with ACSF containing the GABA A receptor antagonist picrotoxin (50 μM) (SIGMA, St Quentin Fallavier, France). All experiments were performed at~30°C. All drugs were added at the final concentration to the superfusion medium.
Recording procedures. Whole cell patch clamp recordings were performed on visualized medium spiny neurons located in the shell part of the nucleus accumbens (NAcshell). Glass electrodes (resistance 4-6 MΩ) were filled with: 125gluconic acid, 125 CsOH, 10 HEPES, 10 NaCl, 0.3 EGTA, 0.05 Spermine, 10 TEA-Cl, 2 MgCl 2 , 0.3 CaCl 2 , 4 Na 2 ATP, 0.3 NaGTP, 0.2 cAMP, pH 7.3, osmolarity 290-300 mOsm. Recordings were performed with an Axopatch-1D amplifier (Molecular Devices, Sunnyvale, CA). Data were filtered at 1-2 kHz, digitized at 10 kHz on a Digidata 1332A interface (Molecular Devices), collected on a PC using Clampex 9, and analyzed using Clampfit 10 (Molecular Devices). Throughout the experiments access resistance (Ra) was evaluated with a 2 mV hyperpolarizing pulse. Ra was not compensated and cells were rejected, if Ra was 425 MΩ or changed 420% during the experiment. The potential reference of the amplifier was adjusted to zero before breaking into the cell. To evoke synaptic currents, stimuli (100 ms duration) were delivered at 0.1 Hz with a glass electrode filled with ACSF and placed at a distance 4150 μm from the recorded neuron.
AMPAR/NMDAR ratio. AMPAR-mediated EPSC were evoked while holding cells at − 70 mV. After 10 min of stable EPSC amplitude, cells were depolarized to +40 mV to unveil a dual component (AMPAR+NMDAR mediated) EPSC. The AMPAR/NMDAR ratio was calculated as the peak value of AMPAR-mediated EPSC recorded at − 70 mV over the dual component EPSC amplitude measured 40 ms after its onset (a time point where AMPAR-mediated EPSC already decayed to zero).
Experiment 1: Dose-Response Curves in Cocaine Intravenous Self-Administration in Glu-CB1 and GABA-CB1 Mice Four days after surgery, mice were trained for cocaine selfadministration. Daily sessions started 2 h after the beginning of the dark phase. Training doses were defined based on preliminary experiments (see above in 'cocaine intravenous self-administration'): 0.25 and 0.5 mg/kg/infusion in the GABA-CB1 and Glu-CB1 mice, respectively. After seven sessions of cocaine self-administration (three at FR1 and four at FR2), mice (n = 7 Glu-CB1-KO and n = 15 Glu-CB1-WT, n = 10 GABA-CB1-KO and n = 12 GABA-CB1-WT) were tested for a dose-response curve at FR2. Six cocaine doses were successively tested in Glu-CB1 (0.5, 0.25, 0.125, 1, 0.0625 and 0.0313 mg/kg/infusion) and GABA-CB1 mice (0.25, 0.125, 0.0625, 0.5, 1, and 0.0313 mg/kg/infusion). Each dose was maintained until the animals reached at least 2 days of stable intake (± 20%). Self-administration was restabilized at the training dose before mice were tested for a dose-response curve in a PR schedule. Each dose was tested in one PR session after at least 3 days of stable behavior at FR2. Five doses were successively tested in Glu-CB1 (0.5, 1, 0.12, 0.06, and 0.03 mg/kg/infusion) and GABA-CB1 mice (0.25, 0.5, 0.12, 0.06, and 0.03 mg/kg/infusion).
Experiment 2: In vivo Microdialysis in the NAc for Extracellular DA in Freely Moving Glu-CB1 and GABA-CB1 Mice Naïve-independent groups of Glu-CB1 and GABA-CB1 mice (n = 4-6 mice per group) were used to study extracellular DA in the NAc in response to vehicle (NaCl 0.9%) or cocaine (20 mg/kg i.p.). Cocaine and vehicle were administered at a volume of 10 ml/kg (i.p.).
Experiment 3: Non Pharmacological Factors Controlling Cocaine Intravenous Self-Administration in Glu-and GABA-CB1 Mice Four days after surgery, Glu-CB1 mice (n = 22 Glu-CB1-KO and n = 20 Glu-CB1-WT) and GABA-CB1 mice (n = 15 GABA-CB1-WT and n = 7 GABA-CB1-KO) were trained for cocaine self-administration, as in experiment 1. After acquisition of cocaine self-administration, Glu-CB1 mice were tested for shock-induced suppression of cocaine taking (session 11) and shock cue-induced suppression of cocaine seeking (session 12), cue omission (session 15), cue-induced cocaine seeking (session 18 and 25), and reversal of active/ inactive manipulanda (session 21). Alternatively, after acquisition of cocaine self-administration GABA-CB1 mice were tested for cue-induced cocaine seeking (session 17), shockinduced suppression of cocaine taking (session 22), shock cue-induced suppression of cocaine seeking (session 23), and reversal of active/inactive manipulanda (session 26). Possible influence of successive tests was minimized by introducing sufficient basal self-administration sessions and controlling that mice had recovered their pre-test cocaine intake.
Experiment 4: T-Maze Learning and Reversal in Glu-CB1 Mice
Independent groups of naïve Glu-CB1 mice (n = 7-9 per group) were tested in a T-maze with palatable food as a reinforcer, according to the procedure described in the Supplementary Information. Within T-maze sessions, Glu-CB1-WT and Glu-CB1-KO were tested in alternation.
Experiment 5: Ex vivo Electrophysiology for Synaptic Plasticity Markers in the Nucleus Accumbens shell (NAcshell) in Glu-CB1 Mice Representative mice from experiment 3 (n = 7 Glu-CB1-KO and n = 6 Glu-CB1-WT) were submitted to abstinence for 1 month after the last cocaine self-administration session. The mice contained in the two genotype groups were selected to represent differences in CS-induced reinstatement, reversal and shock cue-induced suppression, and equality in cocaine intake over the entire self-administration procedure. Electrophysiology, as described above, was conducted on 2-3 mice per day. Mice from each genotype were tested alternatively to have a similar impact of additional abstinence on the two genotypes.
Statistical Analysis
Analysis of variance with repeated measures was used when appropriate to determine possible group effects and interactions. Experimental group (genotype, two levels: WT and KO) was used as a between subjects factor and time, nose-poke hole (active/inactive), cue (with/without), condition (naïve/abstinent) were used as within-subject factors. Newman-Keuls tests for multiple comparisons post hoc analysis was performed when required. All results are expressed as mean ± SEM. Differences were considered significant at po0.05. Statistical tests were performed with Statistica 9.0 (StatSoft, Tulsa, OK, USA).
See Supplementary Information for extended details of animals, CB1 immunohistochemistry, drugs, catheters, apparatus, surgery for cocaine self-administration, cocaine intravenous self-administration basal training, T-maze, in vivo microdialysis for DA release in freely moving mice and ex vivo electrophysiology.
RESULTS
CB1 Expression in Glu-CB1-KO and GABA-CB1-KO Mice
The CB1 protein is found predominantly in axon terminals of neurons. As a consequence, deletion of the CB1 gene in projecting neurons impacts protein expression in the projection areas (Marsicano and Kuner, 2008) .
Compared with the WT mice, the full CB1-KO mice lacked any detectable levels of CB1 protein, as expected (Figure 1) . Deletion of either GABA or glutamatergic-specific CB1 gene decreased CB1 immunostaining across all brain areas studied, yet not in the same degree as in the full KO genotype. Importantly, when compared with the WT, the degree of loss of CB1 immunostaining in the GABA-CB1-KO was greater than the observed in the Glu-CB1-KO, in agreement with previous observations (Marsicano and Kuner, 2008) confirming that, in general, CB1 is strongly expressed in GABAergic neurons and weakly expressed in glutamatergic neurons.
WT mice showed a strong CB1 immunoreactivity in the cortex, striatum, nucleus accumbens (Figure 1a) , and substantia nigra reticulata (Figure 1i ). The ventral tegmental area (VTA; Figure 1i ), raphe nuclei and locus coeruleus (Figure 1q) showed moderate CB1 immunostaining. Distinct CB1 expression levels were observed among different hippocampal layers (Marsicano and Kuner, 2008) (Figure 1e ). The CB1 immunoreactive pattern was uniformly distributed throughout the entire hypothalamic ventromedial nucleus (Vmh; Figure 1m ).
Similar to the other structures, a large decrease of CB1 immunoreactivity was observed in the hippocampus of GABA-CB1-KO mice when compared with the WT. However, strong CB1 immunoreactivity was conserved in the inner 1/3 of the hippocampal dentate molecular layer (Figure 1g ), corresponding to an important CB1 expression in the glutamatergic mossy cells terminals (Marsicano and Kuner, 2008) . Also, dorsomedial and ventral striatum significantly expressed CB1 in glutamatergic neurons. Indeed an important expression was conserved in GABA-CB1-KO, which was strongly reduced in Glu-CB1-KO.
As Compared with their Respective WT, GABA-CB1-KO, but not Glu-CB1-KO, Showed Increased Primary Reinforcing Effects of Cocaine After acquisition of cocaine intravenous self-administration (see Supplementary Information for detailed results), FR2 and PR dose-response curves were performed to characterize the primary reinforcing properties of cocaine and their strength, respectively.
In Glu-CB1 mice. Independently of the dose, Glu-CB1-KO and their wild-type control littermates (Glu-CB1-WT) did not differ in cocaine self-administration under FR (genotype × dose interaction, F (5,100) = 0.15, NS; Figure 2a In GABA-CB1 mice. GABA-CB1-KO mice displayed a higher sensitivity to the primary reinforcing effects of cocaine compared with WT littermates under FR schedules (genotype × dose interaction, F (5,100) = 5.91, po0.001) as revealed by a leftward shift in the dose-response curve (Figure 2c) . Accordingly, despite the increase in workload following each infusion, GABA-CB1-KO mice maintained a higher number of self-infusions over a wide range of doses under PR conditions (genotype effect, F (1,20) = 7.15, po0.05; Figure 2d , Supplementary Figure S1b) .
It is noteworthy that Glu-CB1-WT and GABA-CB1-WT showed differences in the dose-response functions for cocaine self-administration. Differential drug history, notably the training dose, can influence levels of responding for cocaine and is probably responsible for the observed differences. This highlights the importance of comparing each mutant mouse line with its corresponding WT littermate. Nevertheless, when trained at the same dose (0.5 mg/kg/infusion, in a preliminary experiment), GABA-CB1-WT and Glu-CB1-WT showed a similar mean number of infusions over the last 2 days of acquisition, ie 20 ±3.3 and 21.4 ± 4.8, respectively (data not shown), supporting the view that differences between the two WT were not pre-existing, but induced by different drug histories.
As Compared with their Respective WT, GABA-CB1-KO, but not Glu-CB1-KO, Showed Increased CocaineInduced DA Release in the NAc
The reinforcing effects of cocaine rely on drug-induced extracellular DA in the NAc (Di Chiara et al, 2004) . Given that the reinforcing effects of cocaine were altered in GABA-CB1-KO, but not in Glu-CB1-KO, we used in vivo microdialysis in cocaine naive, freely moving mice, to evaluate the contribution of cocaine-induced DA release in the NAc to these phenotypes.
In Glu-CB1 mice. Extracellular DA in response to an acute cocaine injection (20 mg/kg i.p.) was not altered in Glu-CB1-KO (time × treatment × genotype, F (22,209) = 0.52, NS; Figure 2e ).
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In GABA-CB1 mice. In agreement with their increased sensitivity to the reinforcing effects of cocaine, extracellular DA in GABA-CB1-KO was three times larger than GABA-CB1-WT (time × treatment × genotype, F (11,165) = 6.36, po0.001; Figure 2f ).
As Compared with their Respective WT, Glu-CB1-KO, but not GABA-CB1-KO, Showed Facilitated Modulation of Cocaine Seeking by Learning-Related Factors
Associative learning determines key psychological processes involved in controlling cocaine use (Hogarth et al, 2013; Voon et al, 2014) , such as incentive motivational responses to cocaine cues. It also influences behavioral inflexibility that consequently can promote compulsive-like behaviors. Therefore, we investigated crucial dimensions of cocaine use that engage associative learning processes in Glu-CB1-KO, GABA-CB1-KO, and their wild-type littermates.
Cue-induced cocaine seeking in Glu-CB1 mice. After 18 self-administration sessions, the light cue previously associated with cocaine infusions induced higher drug seeking in Glu-CB1-KO than in Glu-CB1-WT (hole effect, F (1,31) = 70.03, po0.001; time effect, F (5,155) = 8.82, po0.001; time hole, F (5,155) = 15.87, po0.001; time hole genotype, F (5,155) = 4.51, po0.001, Figure 3a ). When retested after 25 self-administration sessions, Glu-CB1-WT mice reached the same level of cue-induced cocaine seeking as Glu-CB1-KO (hole effect, F (1,31) = 11.01, po0.01; time effect, F (5,155) = 5.56, po0.001; time hole, F (5,155) = 5.65, po0.001; genotype effect, F (1,31) = 1.77, NS; genotype time, F (5,155) = 0.58, NS; genotype hole time, F (5,155) = 1.41, NS; Supplementary Figure S1c) . These data support that Glu-CB1-KO display facilitated cocaine-cue associative learning, without ultimately altering the motivational or reinforcing value of the cue (see Supplementary Information for detailed results) .
Cue omission in Glu-CB1 mice. Supporting that CB1 deletion in the glutamatergic neurons did not alter the motivational or reinforcing value of the cocaine cue, the omission of the latter during self-administration produced a similar decrease in cocaine intake in Glu-CB1-KO and Glu-CB1-WT (cue effect, F (1,31) = 48.66, po0.001; genotype effect, F (1,31) = 0.03, NS; genotype cue, F (1,31) = 0.86, NS; Supplementary Figure S1d ).
Cue-induced cocaine seeking in GABA-CB1 mice. Despite their increased response to the reinforcing effects of cocaine Reversal of self-administration in Glu-CB1 mice. Glu-CB1-KO showed increased cognitive flexibility. Reversing active and inactive nose-poke holes over one session reduced cocaine intake in Glu-CB1-WT, but not in Glu-CB1-KO (reversal genotype, F (1,31) = 4.78, po0.05; Figure 3c ).
Reversal of self-administration in GABA-CB1 mice.
GABA-CB1-KO mice showed the same decrease in cocaine intake as GABA-CB1-WT mice in the reversal test (reversal genotype, F (1,19) = 0.75, NS; Figure 3d ).
Reversal of a T-maze task reinforced by palatable food in Glu-CB1 mice. Glu-CB1 and GABA-CB1 in cocaine self-administration E Martín-García et al learning in Glu-CB1-KO mutants was tested in a T-maze task using palatable food as reinforcement. Reversal learning of this food-reinforced task was also facilitated in cocaine-naïve GLU-CB1-KO (Supplementary Figure S1e) . Glu-CB1-KO mice reversed behavior faster than Glu-CB1-WT (reversal), with accuracy levels (defined as the percentage of correct choices) reaching 90% by session three in Glu-CB1-KO, compared with 50% for Glu-CB1-WT mice (genotype effect, F (1,14) = 6.78, po0.05; time effect, F (4,56) = 83.23, po0.001; time genotype interaction, F (4,56) = 3.44, po0.05; see Supplementary Information for detailed results).
Shock-and shock-cue-induced suppression of cocaine seeking. Compulsive-like behaviors are intimately related to behavioral inflexibility, but can also be influenced by heightened reinforcing properties. Therefore, Glu-CB1-KO and GABA-CB1-KO could show, respectively, less and more compulsive-like cocaine intake than WT. Therefore, we evaluated the ability of a shock and a shock-associated cue to suppress cocaine seeking.
In Glu-CB1 mice. Baseline (basal) self-administration (first 45 min of the session), shock-induced effect (45 min session), and shock-associated cue-induced effect (45 min) on selfadministration were compared (Figure 3e ). Figure  3e-left panel) , when an electric foot shock was associated with drug taking, Glu-CB1-KO and Glu-CB1-WT mice displayed similar decreases in drug seeking (genotype effect, F (1,40) = 1.27, NS; Figure 3e -middle panel).
Basal and shock. As compared with baseline (
Shock-associated cue. Conversely, and further supporting the facilitated associative learning hypothesis, in the absence of both foot shock and cocaine, Glu-CB1-KO showed a greater suppression of drug seeking in the presence of just the shock-associated cue when tested in the same conditions (genotype effect, F (1,40) = 6.68, po0.05; Figure 3e In GABA-CB1 mice. Baseline (basal) self-administration (first 45 min of the session), shock-induced effect (45 min session), and shock-associated cue-induced effect (45 min) on self-administration were compared (Figure 3f ).
Basal and shock. As compared with baseline ( Figure  3f-left panel) , when an electric foot shock was associated with drug taking, GABA-CB1-KO showed a greater decrease in drug seeking than GABA-CB1-WT (genotype effect, F (1,19) = 4,80, po0.05) (Figure 3f-middle panel) .
Shock-associated cue. Consistent with the increased shock-induced suppression of intake, GABA-CB1-KO continued showing lower cocaine seeking than GABA-CB1-WT in the following session (genotype effect, F (1,19) = 6.21, po0.05; Figure 3f Increase in AMPAR/NMDAR Ratio in the NAcshell after Cocaine Abstinence Involves CB1 on Cortical Glutamatergic Neurons AMPAR/NMDAR ratio in the NAcshell in Glu-CB1 mice. We observed an increase in AMPAR/NMDAR ratio in cocaine-experienced mice after 1 month of abstinence as compared with naïve controls (cocaine effect, F (1,49) = 21.44, po0.001; genotype effect, F (1,49) = 3.70, NS, genotype cocaine, F (1,49) = 2.02, NS). Interestingly this increase was lower in Glu-CB1-KO than in Glu-CB1-WT (genotype effect, F (1,49) = 21.44, po0.05; Figure 4a ), demonstrating a contribution of Glu-CB1 in the increased AMPAR/NMDAR ratio. Intriguingly, AMPAR/NMDAR ratio was related to the control of cocaine seeking by aversive conditioned cues. Indeed, a correlation was observed between the AMPAR/ NMDAR ratio measured after abstinence and cocaine seeking during shock-associated cues (r = 0.48, po0.01; Figure 4b ). We observed that the lower the ratio, the greater the influence of shock-associated cues had on suppressing cocaine seeking. No relationship was observed between AMPAR/NMDAR ratio and cue-induced reinstatement or reversal during selfadministration (Supplementary Figure S2a and b) .
DISCUSSION
The present results demonstrate that control of cortical glutamatergic and forebrain GABAergic transmission by CB1 modulates specific complementary components of cocaine self-administration in mice. The differential role of these subpopulations of CB1 receptors provides a new important advance in the understanding of the neuropsychological role of the ECS, which contrasts with the classical view issued from full CB1 blockade suggesting that these receptors only control glutamate-related dimensions of cocaine responses.
CB1 Expression in Key Brain Areas
CB1 expression in WT mice was observed in brain areas that were selected for their involvement in cocaine-related behavioral responses (Parsons and Hurd, 2015) . In general and as previously shown (Marsicano and Kuner, 2008) , the levels of expression of CB1 in glutamatergic neurons were very low as compared with GABAergic neurons, which extensively expressed CB1 protein. However, it is critical to note that the level of expression of CB1 does not translate its functional importance: other factors, such as efficiency of receptor coupling and local synthesis of endocannabinoids, need to be taken into consideration. Although CB1 receptors on cortical glutamatergic cells are less abundant, they can produce more pronounced effects than on GABAergic cells (Steindel et al, 2013) .
Deletion of CB1 on GABAergic Neurons Increases the Primary Reinforcing Effects of Cocaine and Cocaine-Induced DA Release in the NAc
Our data indicate that GABA-CB1 controls cocaine taking by modulating sensitivity to the reinforcing properties of cocaine. Specifically, GABA-CB1-KO mice showed increased sensitivity to operant cocaine self-administration. This was supported by elevated cocaine-induced increase in extracellular DA in the NAc, the primary substrate of cocaine's reinforcing effects (Di Chiara et al, 2004) .
Specifically, GABA-CB1-KO showed a leftward and an upward shift in the dose-response curves for cocaine selfadministration for FR and PR, respectively. This phenotype appeared to combine an increased sensitivity to both the aversive and positive effects of the drug. As compared with GABA-CB1-WT, a lower training dose was required for the GABA-CB1-KO mice to acquire cocaine self-administration suggesting an increased sensitivity to the aversive effect of high unit drug doses. Conversely, at low doses, GABA-CB1-KO mice self-administered more than the WT, attesting an increased sensitivity to the positive reinforcing effects of cocaine. In the PR, the workload implies different pharmacokinetics (due to lower frequency of intake) and a lower total intake, which would prevent medium to high unit doses to induce aversive concentrations of cocaine, and thus allowing for increased sensitivity to their rewarding effects.
An increase in sensitivity to both appetitive and aversive stimuli in GABA-CB1-KO is supported by both the present study and data from the literature. Indeed, previous observations revealed increased interest of these conditional mutant mice in novel food or object exploration (Lafenêtre et al, 2009 ), but also in favoring active coping strategies, such as escape, in fear cued conditioning (Metna-Laurent et al, 2012) . In the present study, when we paired cocaine selfadministration with foot shocks, GABA-CB1-KO expressed increased unconditioned and conditioned foot-shockinduced suppression of cocaine seeking. In this conflicting situation, increased sensitivity to the aversive stimulus would supplant increased sensitivity to cocaine and lead to enhanced avoidance of self-administration. Altogether, our data show that GABAergic CB1 are likely involved in damping responses to stimuli, either appetitive or aversive.
Naïve GABA-CB1-KO mice showed increased cocaineinduced DA release in the NAc, suggesting that a DAdependent mechanism could be involved, at least regarding cocaine seeking, which could result from greater disinhibition of DA neurons by GABAergic inputs within the VTA (Lupica and Riegel, 2005; Maldonado et al, 2006) .
Deletion of CB1 on Cortical Glutamatergic Neurons Facilitates Learning-Related Modulation of Cocaine Seeking Responses
Our data indicate that cortical Glu-CB1 controls cocaine taking by limiting associative learning-dependent processes. Environmental cues either associated with cocaine or with aversive stimuli had a stronger impact on drug seeking in these mutant mice probably due to facilitation in conditioned learning. This behavioral profile of Glu-CB1-KO mice was supported by reduced expression of synaptic plasticity markers in the NAcshell.
Our results suggest that CB1 receptors in cortical glutamatergic neurons are specifically involved in controlling associative learning and therefore in modulating the influence of conditioned stimuli on operant responses. Indeed, Glu-CB1-KO mice did not differ from Glu-CB1-WT regarding cocaine's primary reinforcing effects as revealed by the similar dose-response curves for cocaine self-administration at FR and PR in both genotypes. Conversely, they showed an increased cue-induced cocaine seeking. However, facilitated cue-induced cocaine seeking observed after 18 sessions, was transient, and was not associated with increased motivation in PR or with perseverative, compulsive like, cocaine seeking in the presence of foot shocks or footshock-associated cues. On the contrary, the decrease in cocaine seeking by foot-shock-associated cues was even higher in Glu-CB1-KO mice. This later finding supports facilitated conditioning and is consistent with their delayed extinction of freezing in fear conditioning experiments (Dubreucq et al, 2012) . Altogether these results suggest that increased control of cocaine seeking by cocaine-associated cues in Glu-CB1-KO rely on facilitated associative learning, rather than absolute increased incentive/motivational values of cocaine-related stimuli. Supporting a general facilitation of learning processes, Glu-CB1-KO also showed facilitated reversal of cocaine self-administration and of a T-maze task for a natural reinforcer. Facilitated extinction is an unlikely mechanism for facilitation of reversal in Glu-CB1-KO mice. Consistent with our own observation, CB1 blockade does not alter extinction of appetitive learning (Hernandez and Cheer, 2011) . Rather, facilitated inhibitory control of previously Figure 4 Increase in AMPAR/NMDAR ratio in the NAcshell after cocaine abstinence involves CB1 on cortical glutamatergic neurons. (a) AMPAR/NMDAR ratio at synapses on cells of the NAcshell in naïve Glu-CB1-WT (n = 12) and Glu-CB1-KO (n = 13) and in cocaine-experienced Glu-CB1-WT (n = 13) and Glu-CB1-KO (n = 15). (b) Correlation between AMPAR/NMDAR ratio and non-reinforced nose pokes in the active hole during shock-induced conditioned suppression seeking. *po0.05 different from WT, **po0.01 different from Naïve. Data are expressed as mean ± SEM.
Glu-CB1 and GABA-CB1 in cocaine self-administration E Martín-García et al relevant goal-directed responses could be involved. At low doses, both CB1 agonist HU-210 and antagonist AM251 improve shifting from an egocentric response to a visual-cue guided strategy in a T-maze task (Hill et al, 2006) . In the same line, SR141716 improves inhibitory control by decreasing the number of premature, but not perseverative, responses in the 5-CSRTT (Pattij et al, 2007) .
Previous studies revealed that CB1 pharmacological blockade attenuates cue-and cocaine-induced reinstatement (Caillé and Parsons, 2006; Cheer et al, 2007; Oleson and Cheer, 2012; De Vries et al, 2001; Xi et al, 2006) . Here mice genetically deleted for CB1 in glutamatergic neurons showed an increase of cue-induced reinstatement, and not a decrease. This apparent discrepancy most probably relies on a main difference between pharmacological blockade and genetic deletion in the context of reinstatement. In the first case, absence of CB1 function occurs acutely during expression of conditioning, while in the second case absence of CB1 function influences both the conditioning process and its expression. It is possible that the Glu-CB1 receptor regulates conditioning, ie dampens/filters associative learning, during self-administration and promotes expression of a reliable conditioned response during relapse. Critically also, reinstatement relies not only on associative learning and strength of conditioning, but also on the translation of conditioning into a motivational state. Acute pharmacological blockade of CB1 during reinstatement could mainly target the latter. In any case, at this stage, even if it is possible to identify procedural differences that can explain this discrepancy between the effects of CB1 antagonists and the effects of Glu-CB1-KO on reinstatement (ie blockade only during reinstatement vs blockade at all stages), it is difficult to speculate on the mechanisms underlying this difference.
Altogether, cortical glutamatergic CB1 appears to be involved in moderating associative learning by possibly altering the control of conditioned factors on operant responses and compromising behavioral flexibility. Interestingly, negative symptoms of schizophrenia have been related to both increased NAc CB1 receptor binding and altered associative learning that was impeded by the inability to ignore irrelevant stimuli (Ceccarini et al, 2013; Hall et al, 2009) .
Increase in AMPAR/NMDAR Ratio in the NAcshell after Cocaine Abstinence Involves CB1 on Cortical Glutamatergic Neurons
The full exploration of the neurobiological mechanisms underlying the Glu-CB1-KO phenotype in drug-and nondrug reinforced behaviors was beyond the scope of our study. Nonetheless, our results provide important insights to understand these mechanisms.
The NAc, notably its shell part, is considered as a key structure in cue-associated reward behavior (Corbit et al, 2001) . Consistently, the NAcshell is critical for cue-induced seeking for both cocaine and natural reinforcers (Guercio et al, 2015; Kalivas and Volkow, 2011) . Notably, it has been suggested that the NAcshell is a hub between the circuits that promote, and those that inhibit, cue-induced cocaine seeking (LaLumiere et al, 2012) . Changes in the strength of glutamatergic synapses within the NAcshell are proposed to play a determinant role in controlling cue-induced seeking behavior (Loweth et al, 2013; Guercio et al, 2015; Kalivas and Volkow, 2011; Ortinski et al, 2012; Pascoli et al, 2014; Ma et al, 2014) . Furthermore, in agreement with previous studies (Kalivas and Volkow, 2011; Ortinski et al, 2012; Pascoli et al, 2014) , we observed an increase in AMPAR/ NMDAR ratio in cocaine-experienced mice as compared with naïve controls, which is seen as one of the key indicators of LTP induction and increased synaptic strength (Lüscher and Malenka, 2011) .
CB1 receptors located in glutamatergic neurons are key regulators of glutamate release and they modulate the functionality and plasticity of many synapses within the corticostriatal pathway (Loweth et al, 2013; Chiarlone et al, 2014) . We hypothesized that they could play a role in this alteration in synaptic plasticity. We reveal that CB1 receptors in glutamatergic neurons are indeed involved in the long lasting increase in the AMPAR/NMDAR ratio produced by cocaine self-administration and withdrawal in the NAcshell. Indeed, AMPAR/NMDAR ratio was increased in all cocaine abstinent mice, but in a lower extent in Glu-CB1-KO as compared with Glu-CB1-WT. This difference was not a pre-existing trait since a similar ratio was found in naïve Glu-CB1-KO and Glu-CB1-WT mice.
The NAcshell is seen as a key structure, not only for guiding appetitive, but also aversive, conditioned behaviors (Corbit et al, 2001) . Interestingly, we provide a correlative link between AMPAR/NMDAR ratio after abstinence and cocaine seeking in the presence of foot-shock-associated cues. These two variables are not directly linked, because AMPAR/NMDAR ratio in the NAcshell appears to evolve oppositely from short (24 h) to long abstinence periods (Ortinski et al, 2012) . Rather, the two variables could be independent but controlled by a common mechanism that influences behavioral and neurobiological measures on distinct time-scales.
In future studies, rescuing CB1 expression in the Glu-CB1-KO and GABA-CB1-KO mice will allow defining the precise neuroanatomical sites involved in the observed effects, establishing direct causal relationships and challenging a possible bias. Indeed if rescue experiments allowed demonstrating that alterations in fear coping strategies in Glu-CB1-KO and GABA-CB1-KO mice are mediated by direct interference of the CB1 receptors (Metna-Laurent et al, 2012) , it cannot be discarded that part of the observed effects in cocaine self-administration relies on developmental and/or compensatory changes due to persistent absence of CB1.
CONCLUSIONS
In conclusion, CB1 localization critically determines the pharmacological effects of cocaine. Notably, CB1 in forebrain GABAergic neurons modulates sensitivity to cocaine, while CB1 in cortical glutamatergic neurons modulates associative learning processes. Our results suggest that global targeting of CB1 obscures the multiple roles of CB1 in controlling cocaine taking and in defining vulnerabilities to cocaine addiction. We reveal that altered balance of Glu-CB1 and GABA-CB1 activity could participate in the vulnerability to cocaine abuse and addiction. We question the suitability of indiscriminately targeting all CB1 as a Glu-CB1 and GABA-CB1 in cocaine self-administration E Martín-García et al therapeutic strategy for cocaine addiction, as simultaneous blockade of Glu-and GABA-CB1 could elicit antagonistic effects. CB1 modulates numerous neurobehavioral processes and is therefore explored as a target for the treatment of several mental and neurological diseases. Our results provide new insights for a clearer understanding of CB1 neuropathophysiology.
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